decreased in tolerant families, indicating functional limitations at the tissue level. Routine metabolic rates (RMR) and summed tissue respiration (gill and outer mantle tissue) of tolerant families were increased at intermediate PCO 2 , indicating elevated cellular homeostatic costs in various tissues. By contrast, OA did not affect tissue and routine metabolism of sensitive families. However, tolerant mussels were characterised by lower RMR at control PCO 2 than sensitive families, which had variable RMR. This might provide the energetic scope to cover increased energetic demands under OA, highlighting the importance of analysing intra-population variability. The mechanisms shaping such difference in RMR and scope, and thus species' adaptation potential, remain to be identified.
Introduction
Ocean acidification resulting from increasing atmospheric CO 2 concentrations has been shown to adversely affect marine organisms (Wittmann and Pörtner 2013) . Marine calcifiers, such as molluscs, appear to be particularly susceptible to ocean acidification (Kroeker et al. 2013) . Numerous studies have shown that predicted shifts in seawater carbonate chemistry can directly impair calcification processes and the stability of carbonate structures (Orr et al. 2005; Kroeker et al. 2013; Gazeau et al. 2013) . This impairment correlates with lowered seawater CaCO 3 saturation state (Ω), which can impair crystal formation (Waldbusser et al. 2015) and increases shell dissolution when seawater is undersaturated with calcium carbonate Melzner et al. 2011) . Alternatively, 1 3 calcification is impaired by the pH decrease, which affects the ability of calcifiers to excrete the excess H + produced during the calcification process (Thomsen et al. 2015; Bach 2015) or by a combination of both. In addition, elevated CO 2 levels are expected to alter energy budgets at the cellular and tissue and, consequently, whole organism level, due to increased homeostatic costs associated with energy demanding ion-regulatory processes to compensate for CO 2 -induced acid-base disturbances in body fluids and calcification compartments (Pörtner et al. 2004; Melzner et al. 2009 ). Such energetic trade-offs can, in turn, affect biomineralisation in an indirect manner, as shell formation in many molluscs does not only include the precipitation of calcium carbonate polymorphs, but also the synthesis of an organic matrix which can take up a considerable amount of the organism's energy budget (Palmer 1992; Thomsen et al. 2013; Waldbusser et al. 2013; Thomsen et al. 2015) .
One strategy to exploit existing capacity to compensate and meet an increased energy demand is increasing food uptake, if sufficient food is available. High food rations were shown to outweigh negative effects of ocean acidification on calcification, showing a clear link to the organisms' energy budget Hettinger et al. 2013 ; Thomsen et al. 2013; Waldbusser et al. 2013; Towle et al. 2015; Ramajo et al. 2016 ). Yet, there is growing evidence that exposure to high PCO 2 impairs digestion and ingestion rates in several calcifying invertebrates, possibly limiting the potential to maintain or increase food intake (Navarro et al. 2013; Vargas et al. 2013 Vargas et al. , 2015 Stumpp et al. 2013; Zhang et al. 2015; Clements 2016) . If an increased energy assimilation cannot compensate for an increased energy demand, organisms may down-regulate their metabolism ('metabolic depression') as an energy preserving mechanism or, alternatively, available energy may be re-allocated among physiological functions and tissues (Stumpp et al. 2011; Sokolova et al. 2012; Dorey et al. 2013) . A higher energy demand for homeostatic processes could thus lower energy availability for anabolic, fitness-related traits such as growth or reproduction (Sokolova et al. 2012) . A decreased scope for growth at elevated CO 2 has been suggested for mussels, gastropods and sea urchins (Thomsen and Melzner 2010; Stumpp et al. 2011 Stumpp et al. , 2012 Zhang et al. 2015) . Knowledge about the patterns and limitations of organism's energy allocation to different physiological processes is thus crucial for a mechanistic understanding of a species sensitivity or tolerance towards elevated PCO 2 , which highlights the need of studies that integrate tissuespecific into whole animal responses (Harvey et al. 2014; Pan et al. 2015) .
Besides the need to deepen our mechanistic understanding of whether and how organisms respond to ocean acidification, long-term and multi-generation studies are required in order to realistically predict whether species possess the potential for acclimatisation or genetic adaptation (Kelly and Hofmann 2012) . Due to the rapid rate of climate change, evolutionary adaptation of relatively longliving organisms such as bivalves or echinoderms is more likely to rely on existing genetic variation, rather than new mutations (Lande and Shannon 1996; Pespeni et al. 2013) . Measuring the genetic variation of physiological and associated fitness-related traits of natural populations is thus a valuable tool for predicting a species' potential for evolutionary adaptation; especially if different genotypes show opposing reaction norms for such traits, potentially leading to overall unchanged mean population responses (Applebaum et al. 2014; Foo and Byrne 2016) . However, due to the large effort that is required to perform experiments with multiple family lines of one population, few studies have been carried out in order to test this hypothesis and to investigate physiological mechanisms which correlate with increased or decreased fitness of different geno-and phenotypes. Species inhabiting naturally enriched CO 2 sites can serve as an interesting model to study long-term physiological acclimatisation or adaptation to elevated PCO 2 (Calosi et al. 2013) . In Kiel Fjord, Western Baltic Sea, upwelling events of acidified bottom water during summer and autumn lead to strong seasonal and daily fluctuations in seawater PCO 2 level, with peak values of >2300 µatm far exceeding its present annual mean seawater PCO 2 of around 700 µatm Saderne et al. 2013; Melzner et al. 2013) . In spite of such unfavourable conditions, resilient marine calcifiers thrive and dominate in Kiel Fjord due to a high primary production and hence food availability Pansch et al. 2014) . Reproduction of blue mussels (Mytilus edulis) takes place in summer when the highest fluctuations in carbonate chemistry occur . Occasional high seawater PCO 2 levels during the larval phase might lead to selection for plastic or tolerant genotypes within the population (Thomsen et al., submitted) . However, ongoing ocean acidification is expected to be amplified in coastal habitats and, in combination with eutrophication, PCO 2 values above 2000 µatm are likely to occur on a regular basis in Kiel Fjord by the end of this century (HELCOM 2009; Melzner et al. 2013) , therefore the population may need to adapt in order to thrive in this habitat in the future.
We therefore conducted a long-term, multi-generation experiment with different generated family lines of blue mussels from Kiel Fjord to test for their adaptation potential under ocean acidification (see also Thomsen et al., submitted) . Dams and sires of wild M. edulis were crossbred and larvae from 16 generated families were exposed to different CO 2 levels. The CO 2 sensitivity of offspring (F1 generation) from these different family lines varied strongly, and thus families were classified as 'sensitive' and 'tolerant' (Thomsen et al., submitted) . Our objective was to compare adult F1 mussels of tolerant and sensitive families with regard to their physiological responses at tissue and organismal levels. By measuring filtration, routine metabolism and tissue respiration, we analysed energy allocation patterns and potential shifts in energy supply. Analyses of organismal performance and tissue-specific responses were linked by measurements of protein biosynthesis in calcifying mantle tissue and of metabolic scope of gill tissue. Using this multi-generation approach including studies across levels of biological organisation, we aimed to gain insight into potential intra-population variations in physiological responses to ocean acidification and the potential for metabolic adaption of M. edulis; a keystone species in the Baltic Sea.
Materials and methods

Animals and breeding design
In June 2012 mature individuals of Mytilus edulis (64.2 ± 5.5 mm) were collected from Kiel Fjord, Western Baltic Sea, and were kept at habitat temperature (18 °C) in flow-through aquaria supplied by natural seawater from the Fjord. After 24 h of recovery, animals were thermally induced to spawn by slowly increasing the water temperature (Δ 5-7 °C) in individual glass beakers containing filtered seawater (0.2 µm). Egg densities were determined and eggs subsequently fertilised at ambient conditions (pH NBS : 8.22, 18.1 °C, 14.9 PSU). Gametes of 8 sires and 8 dams were crossbred in a reduced North Carolina I design resulting in a total of 16 full-sib families (Fig. 1) . Fertilisation success was checked after 2-3 h and was high among all families (>90%).
Larval phase
Following fertilisation, the embryos of each family were randomly divided and transferred to the experimental units (5000 embryos per unit) to start the exposure to three different nominal PCO 2 levels [700 (control), 1120 (intermediate), 2400 (high) μatm] according to present and predicted PCO 2 levels in Kiel Fjord Melzner et al. 2013) (Fig. 1) . Each experimental unit (polyvinylchloride, KAUTEX, Germany) was filled with 500 ml filtered Kiel Fjord seawater (0.2 µm) at 18 °C and 15 PSU that was equilibrated to the respective PCO 2 level. For each of the 16 families the number of replication for each PCO 2 level was three (3 × 5000 eggs per family and CO 2 level), resulting in a total of 144 experimental units. Larvae were fed daily with fresh Isochrysis starting 2 days post-fertilisation. After 7 days, food was supplemented with fresh Rhodomonas. To account for an increasing food uptake with increasing larval age the total number of algae cells added per culture jar increased weekly (Isochrysis: week 1, 40,000; week 2, 60,000; week 3, 80,000; Rhodomonas: week 2, 10,000; week 3, 15,000). Algae were cultivated in F/2 or PES medium, respectively. Cell densities were monitored daily using a particle counter (Z2 Coulter ® Particle count and size analyser, Beckman Coulter TM , Germany). Water was exchanged weekly with filtered (0.2 µm) Kiel Fjord seawater set to 18 °C and equilibrated to the respective PCO 2 level. After approximately 21 days, larvae started to settle. At day 21, larval survival of all families was not significantly different between the control and intermediate PCO 2 , but significantly reduced at the highest CO 2 treatment (Thomsen et al., submitted) . In 11 of 16 families this translated into successful settlement (defined as >10 settled specimens per replicate) only at the control and intermediate CO 2 level (referred to as sensitive families in the following), while larvae of the remaining five families settled successfully at all three PCO 2 levels (referred to as tolerant families) (Fig. 1 ).
Juveniles and adults
After 9 weeks (September 2012) the settled spat of each family reached a size of about 1-2 mm and replicates were pooled and transferred into 20 l flow-through aquaria. Rearing of tolerant families continued at all three PCO 2 levels, whereas sensitive families were only reared at the control and intermediate CO 2 level since larvae did not settle at the highest PCO 2 (Fig. 1) .
The flow-through system consisted of a large storage tank (300 l) that supplied seawater to a smaller reservoir tank, from which then each 20 l aquaria was supplied. The storage tank was constantly supplied with Kiel Fjord seawater that was filtered through a series of 50, 20, and 5 μm filters. Fresh Rhodomonas suspension was continually added to the reservoir tank. Each aquarium had an overflow equipped with mesh (3 mm mesh size) to prevent mussels from escaping and was individually bubbled with the respective gas composition.
After 2 months in the flow-through system, the number of mussels within each aquarium was randomly reduced down to ~20 in order to ensure standardised and optimised feeding conditions. Throughout the whole experiment Rhodomonas concentrations were monitored in the reservoir tank (mean ± SD; 2778 ± 936 cells ml ) and aquaria (mean ± SD; 1030 ± 417 cells ml −1 ) using a particle counter (Z2 Coulter ® Particle count and size analyser, Beckman CoulterTM, Germany).
After 12 months of acclimation (July 2013), all mussels of the F1 generation were induced to spawn, as described above, for a further breeding experiment with the F2 generation (Thomsen et al., submitted) and to minimise the effects of gonadal status on metabolic rates. After a 2-week recovery phase, three individuals per PCO 2 level from each of the three tolerant and three sensitive families were sampled for the physiological experiments (Fig. 1) . To avoid allometric effects on physiological parameters, mussels of similar body size were picked from each family.
Mean shell lengths ± SD were 27 ± 3.06 mm for tolerant and 26.4 ± 3.29 mm for sensitive mussels without significant differences between family types (2-way ANOVA, F = 0.262, P = 0.613) or CO 2 level, (2-way ANOVA, F = 0.352, P = 0.558; CO 2 within tolerant families, 1-way ANOVA, F = 0.075; P = 0.928). 
Manipulation and monitoring of seawater carbonate chemistry
All seawater carbonate chemistry manipulations were conducted by direct bubbling of each experimental unit or aquarium with respective gas concentrations (PCO 2 of either 700, 1120 or 2400 µatm) using an automatic custom-made CO 2 mixing-facility (Linde Gas & HTK, Germany). During the larval phase pH NBS , temperature and salinity were monitored daily in one-third of the culture jars (48 in total) using a WTW 330i pH meter equipped with a Sentix81 electrode and Cond 340i salinometer with a TetraCon 325 electrode. Weekly, water samples were analysed for dissolved inorganic carbon (DIC) using an AIRICA autoanalyser (Marianda GmbH, Kiel, Germany) and total scale pH by using a 626 Metrohm pH meter equipped with a glass electrode calibrated with Tris/HCl and 2-aminopyridine/HCl seawater buffers mixed for a salinity of 15 PSU according to Dickson et al. (2007) . In the flow-through system DIC was determined once per week; pH NBS , temperature and salinity twice a week. Seawater carbonate system specifications were calculated with CO2SYS (Lewis and Wallace 1998) using the dissociation constants for KHSO 4 , K1 and K2 after Dickson et al. (2007) and Mehrbach et al. (1973) refitted by Dickson and Millero (1987) , respectively. All data for the physicochemistry of the seawater are summarised in Tables 1 and 2 .
Clearance rate
One day prior to clearance rate measurements mussels were placed in separate 800 ml glass beakers, which were submersed in the respective flow-through aquaria in order to allow byssal attachment and to reduce handling stress at the day of experimentation. The next day seawater in beakers was carefully exchanged with 700 ml filtered seawater (0.2 µm) equilibrated to the respective PCO 2 level at 18 °C. After 1 h, Rhodomonas cells were added (5000 cells ml −1 ) and 12 ml water samples were taken every 5 min over a time course of 25 min. Rhodomonas concentration per sample was directly determined in duplicates using a Z2 Coulter ® Particle count and size analyser (Beckman Coulter TM , Krefeld, Germany). Clearance rates were standardised to shell length and calculated as the decrease of Rhodomonas concentration over time (verified as a straight line in a semi-log plot, R 2 = 0.91-0.99) according to the clearance formula of Coughlan (1969) . Slight bubbling by air diffuser and respective gas mixtures prevented sedimentation of algae and ensured aerated conditions as well as constant PCO 2 level. A beaker without a mussel served as control. Final Rhodomonas concentration never fell below 1000 cells ml −1 to avoid cessation of filtration activity (Riisgård and Randløv 1981) . 
Whole animal oxygen consumption
Measurements of routine metabolic rates (RMR) were conducted in intermittent flow-through plexiglas chambers (~100 ml) placed in a 100 l tank containing 0.2 µm filtered seawater equilibrated to respective PCO 2 level. A tubing system connected to a peristaltic pump (ISMATEC, Switzerland) ensured a continuous water flow within each chamber. Prior to measurements mussels recovered for 1 h and chambers were constantly flushed with water from the tank using a small submersible aquarium pump. Subsequently, flushing stopped for 30 min and the oxygen consumption per mussel was measured as oxygen depletion (% air saturation) using oxygen micro-optodes (needle-type, Presens GmbH, Germany). Within a stop phase, the oxygen content never fell below 90% and was re-saturated to 100% air saturation during the subsequent flushing (15 min). Due to the relatively high variability of oxygen consumption measurements rates, respiration of each mussel was determined in triplicates (three stop phases). Opening status of mussel valves was monitored throughout the experiments and runs were excluded if closure of valves was observed. After measuring RMR, mussels were transferred back to respective aquaria and were kept individually in a mesh cage for a recovery phase (24-48 h) prior to the determination of tissue respiration rates.
Buffer composition
Metabolic rates of gill and outer mantle tissue were determined in buffer designed to closely mimic respective in vivo haemolymph conditions of M. edulis incubated at the different PCO 2 levels (700, 1120, 2400 µatm) at 15 PSU and 18 °C (Table 3, Table S1 ). Ionic buffer composition at a 15 PSU was calculated from Bayne (1976) . Concentrations of free amino acids were taken from Mulvey and Feng (1981) . Tyrosine, methionine and tryptophan levels were found to be below detection limits and, thus, were added at low concentration of 2 nmol l −1 (see supplementary  Table S1 ). Glucose was added at a concentration of 2 mM (Bayne 1976) . Data for haemolymph PCO 2 and pH (pH e ) were taken from and Heinemann et al. (2012) . Haemolymph PCO 2 at the respective experimental seawater PCO 2 was calculated by linear regression (R 2 = 0.96) ( Table 3) . pH e data available from the literature had been determined at various temperatures and were therefore temperature-corrected according to alphastat (Zittier et al. 2012) . PO 2 was set according to ambient in vivo conditions at 18 °C (Kupprat 2014) (Table 3) . Buffers were equilibrated with the respective PCO 2 and PO 2 at 18 °C using custom-made gas mixtures and a water bath. pH NBS was adjusted by adding the respective amount of fresh NaHCO 3 solution calculated from the Henderson-Hasselbalch equation by use of pK''' and solubility coefficient αCO 2 determined according to Heisler (1986) . Buffer pH was checked before and after each run using a pH meter equipped with an InLab ® semi-micro electrode (Mettler Toledo ® ) and an external temperature sensor.
Oxygen consumption of gill and outer mantle tissue
Mussels were dissected on ice. Gill and outer mantle (mantle margin with mantle folds) tissues were carefully chopped into similar-sized pieces using sterile scissors (mean dry weight ± SD; gill: 1 ± 0.3 mg, mantle: 1.5 ± 0.4 mg). Tissue pieces were transferred into petri dishes containing respective buffer and were allowed to recover from handling stress for at least 20 min. Subsequent measurements of tissue oxygen consumption rates were conducted in custom-made, closed, airtight waterjacketed glass respiration chambers in which temperature was set to 18 °C by an external thermostat (Haake or Lauda, Germany) (Strahl et al. 2011) . The glass chambers were mounted on magnetic stirrers to ensure homogeneity during measurements. Self-made spacer consisting of coarse-meshed gauze (1 mm mesh size) attached to Tygon ® tubing prevented tissues from damage by glass agitators. Chambers were closed airtight and oxygen micro-optodes (needle-type, Presens GmbH, Germany) were inserted through the plug to measure oxygen depletion within each chamber. Tissue respiration rates were determined for at least two pieces per tissue and mussel.
Metabolic scope of gill tissue and protein biosynthesis in outer mantle tissue
Directly after tissue respiration measurements, either cycloheximide (mantle) or serotonin solutions (gill) were injected into the chambers through the plug using a gastight microliter glass syringe (Hamilton, Switzerland). Response to each drug was measured for two tissue pieces per mussel. Cycloheximide is a specific inhibitor for protein biosynthesis and was applied at a final concentration of 100 µM (Cherkasov et al. 2006) . Energy expense for protein biosynthesis was then calculated as the difference between respiration rates before and after the inhibitor had been applied. Values are given as fractional costs in per cent of total mantle respiration. Serotonin acts as an excitatory nerve transmitter in gills and was applied at a concentration of 10 µM. This concentration is known to induce the maximal beat frequency of the lateral cilia which generate the water flow (Riisgård and Larsen 2007) . Movement of lateral cilia is driven by the ATPase dynein, which accounts for up to 90% of the ATP demand in gills during the maximal beat frequency of cilia (Gibbons 1982; Clemmesen and Jørgensen 1987) . This results in a tight correlation of the cilia beat frequency and oxygen consumption in isolated gill tissue of M. edulis (Clemmesen and Jørgensen 1987) . Serotonin stimulated oxygen consumption of gill tissue was thus considered as the metabolic scope for filtration and will be termed 'metabolic scope' hereafter. Net metabolic scope (NMS) was calculated as the difference in oxygen consumption of stimulated and unstimulated gill tissue and factorial metabolic scope (FMS) as the ratio of stimulated to unstimulated gill oxygen consumption. Cycloheximide and serotonin were dissolved in DMSO. Final concentration did not exceed 0.2%, which showed only minor effects on tissue respiration (±0.2-5%). All chemicals were obtained from Sigma Aldrich (Germany).
Calculation of fractional oxygen consumption of gill and outer mantle tissue
In order to determine the contribution of tissue-specific to the whole organism metabolic rate, the fractional oxygen consumption of gill and outer mantel tissue in per cent to the total respiration (% MO 2 Tissue ) were calculated for each mussel using the following equation:
Oxygen consumption of the whole animal (MO 2 ) and tissue (MO 2 Tissue ) are in µmol O 2 g dry weight −1 h −1 and the weight proportion (WP Tissue ) of the respective tissue dry weight in per cent to the dry weight of the whole animal. To determine tissue weight proportions, 12 mussels were collected from Kiel Fjord, gill and outer mantle dissected and both tissues as well as the remaining tissue were dried (80 °C for 48 h) and then weighed. Mean dry weight proportion of the gill was 10.4 ± 0.8 and 15.3 ± 0.8% for the outer mantle.
Statistics
Data were analysed using Sigma Plot 12.0 (Systat Software Inc.). After data were checked for normality and equality of variances a full two-way ANOVA was performed for the control and intermediate CO 2 level to unravel the effects of family (sensitive or tolerant) and seawater PCO 2 followed by a Holm-Sidak post hoc test with pairwise comparisons of treatments. Additionally, a one-way ANOVA was % MO 2 Tissue = (100/MO 2 ) × (MO 2 Tissue /WP Tissue ).
performed to analyse the effects of PCO 2 level within the tolerant families followed by a Holm-Sidak post hoc test. P < 0.05 was accepted to indicate significant differences. All data are presented as mean ± SEM.
Results
Clearance rate
At the control and intermediate CO 2 clearance rates were not affected by 'family type' or 'PCO 2 ' ( Fig. 2 ; Table 4 ); however, a significant CO 2 effect on clearance rates could be observed for tolerant families at the highest PCO 2 level (Table 5 ). Compared to the intermediate CO 2 level (1120 µatm), filtration decreased significantly by around 23% at 2400 µatm (15.7 ± 0.8 at 1120 µatm vs. 12.2 ± 0.7 ml min −1 cm shell length −1 at 2400 µatm, P = 0.005).
Whole animal oxygen consumption
Analysis of metabolic rates revealed a significant interaction between 'family type' and 'PCO 2 ' (Table 4) . While oxygen consumption rates of tolerant families increased significantly with rising PCO 2 at intermediate compared to ambient CO 2 levels ( Fig. 3a ; Table 5 , P = 0.023), metabolic rates of sensitive families were similar between intermediate and control CO 2 levels. There was no significant difference in metabolic rates of tolerant compared to sensitive families; however, under control conditions, oxygen consumption rates of sensitive families tended to be elevated above those of tolerant families (43.6 ± 8.0 vs. 27.1 ± 3.6 µmol O 2 g dry weight
, P = 0.088).
Oxygen consumption of gill and outer mantle tissue
There was a significant interaction of 'family type' and 'PCO 2 ' on outer mantle respiration (Table 4) . Control outer mantle respiration was similar for both family types ( Fig. 3b) . At the intermediate PCO 2 level mantle respiration of sensitive families decreased slightly by 14% while outer mantle respiration of tolerant families increased by around 25%, resulting in significantly higher outer mantle respiration than in sensitive families (P = 0.013). Although mantle respiration of tolerant families at different PCO 2 followed the same pattern as whole animal oxygen consumption rates no significant effect of PCO 2 was detected (Table 5) . We neither observed a significant effect of 'family type' or 'PCO 2 ', nor a significant interaction of these factors on metabolic rates of gill tissue isolated from both, sensitive and tolerant families ( Fig. 3c; Table 4 ) but gill tissue of tolerant mussels respired around 18% more at 1120 and 2400 µatm than at ambient seawater PCO 2 (Table 5 , P = 0.082).
When comparing the sum of gill and mantle tissue oxygen consumption rates for animals from the two family types, tolerant families were characterised by 22.8% higher respiration rates at intermediate than at control seawater PCO 2 ( Fig. 4a ; Table 5 , P = 0.038).
Factorial and net metabolic scope of gill tissue
'Family type' and 'PCO 2 ' did not significantly affect the factorial metabolic scope (FMS) of isolated gill tissue at control and intermediate seawater PCO 2 (Table 4) . However, FMS of gill tissue of tolerant mussels was significantly reduced by 21% at the highest CO 2 level compared to control conditions (3.8 ± 0.2 at control vs. 3.0 ± 0.2 at high seawater PCO 2 , Fig. 5a ; Table 5 , P = 0.003). In contrast, net metabolic scope was neither affected by 'PCO 2 ', nor by 'family type' (Fig. 5b ; Tables 4, 5). 
Energy allocation to protein biosynthesis in mantle tissue
Mean fractional energy allocated to protein biosynthesis in outer mantle tissue of both family types ranged between ~7 and 13%. Energy expenditure for protein biosynthesis in outer mantle tissue was neither affected in tolerant nor in sensitive mussels raised under elevated CO 2 ( Fig. 6 ; Tables 4, 5 ).
Fractional tissue oxygen consumption
The fractional oxygen consumption of isolated gill and outer mantle tissue in relation to the whole animal oxygen consumption did not differ significantly between the tolerant and sensitive families as well as between Fig. 4b ; Table 4 ). Gill tissue contributed between 8.8 and 17.2% whilst the fraction of outer mantle tissue comprised between 3.5 and 5.9%.
Discussion
This study investigated family-specific metabolic responses of Baltic blue mussels (Mytilus edulis) selected and raised as larvae and juveniles under three different PCO 2 levels. We compared physiological traits of families whose larvae survived all PCO 2 levels with those whose larvae tolerated only moderately elevated CO 2 concentrations. After a 1-year acclimation period we observed contrasting metabolic responses between family types at the tissue as well as whole animal level. Thus, if data had been pooled, the observed metabolic variance between family types might have been obscured. In line with these observations, unchanged mean routine metabolic rates (RMR) but a large variability was observed between individual mussels from the same population, randomly collected as spat on settlement panels in the wild and acclimated for 1 year in the laboratory to PCO 2 levels similar to our study (Hüning 2014) . However, in light of rapid climate change existing variation of metabolic responses may represent the physiological basis allowing a population to adapt to changing environmental conditions, stressing the importance of looking at trait variations within natural populations as a measure of their adaptive capacity (Applebaum et al. 2014; Foo and Byrne 2016) . Metabolic adaption to a changing environment is determined by an organism's ability to balance the energy costs of self-maintenance against those for life history traits, such as growth or reproduction. Mussels of tolerant families increased their whole animal RMR at intermediate CO 2 , and, although alterations were more pronounced at the whole animal level, gill and mantle tissue followed the same pattern (Fig. 3) . Summed gill and mantle respiration was significantly elevated at the intermediate PCO 2 levels (Fig. 4a) families reflects a cumulative effect caused by slightly elevated metabolic rates in various tissues. Similarly, the fractional contribution of both tissues to the whole animal oxygen consumption did not change significantly between the treatments. Nevertheless, the contribution of gill and outer mantle to the whole animal respiration of tolerant families tended to decrease at the intermediate CO 2 level, potentially indicating that other tissues contributed relatively more to the observed increase of whole animal metabolic rate (Fig. 4b) .
Ocean acidification is thought to increase cellular homeostatic costs through shifted acid-base equilibria that are challenging both pH regulation and calcification (Lannig et al. 2010; Thomsen and Melzner 2010; Beniash et al. 2010) . Elevated CO 2 leads to a permanently decreased extracellular pH and increased PCO 2 in Mytilus spp. whilst intracellular pH is rapidly restored (Michaelidis et al. 2005; Heinemann et al. 2012; Gazeau et al. 2014; Zittier et al. 2015) . This increases the proton flux into the intracellular space and requires additional energy for proton equivalent ion exchange (Boron 2004; Pörtner 2008; Melzner et al. 2009 ). Thus, a higher ability to regulate extracellular acid-base status during exposure to elevated CO 2 was proposed as a crucial trait promoting resilience towards ocean acidification (Pörtner 2008; Melzner et al. 2009) . A recent transgenerational study on Sydney rock oysters (Saccostrea glomerata) showed that oysters exposed to ocean acidification responded with partial compensation of extracellular pH after one generation of exposure (Parker et al. 2015) . In contrast to tolerant families, we found unchanged RMR and tissue metabolic rates of sensitive families at the intermediate elevated CO 2 . In order to test whether different metabolic responses of sensitive and tolerant families correlated with different abilities of extracellular acid-base regulation we determined their extracellular pH (after Gazeau et al. 2014 ) in a subsequent experiment. However, there was no evidence for extracellular regulation of pH for neither tolerant nor sensitive families (see supplementary Fig. S1 ). This suggests that varying metabolic responses of adult mussels from different family types after long-term exposure to elevated CO 2 did not correlate with different abilities to regulate their extracellular pH.
Besides their varying metabolic responses to elevated CO 2 , comparison of tolerant and sensitive families indicated different rates of routine metabolism under presentday (control) conditions. Although not statistically significant, due to high variability within sensitive families, individuals from tolerant families kept at control seawater PCO 2 had 1.6-fold lower mean RMR with a 2.6-fold decreased relative standard deviation than sensitive families. Low routine metabolic costs might thus be a beneficial trait when exposed to elevated CO 2 , potentially providing the scope to cover elevated energetic costs of maintenance and calcification under elevated CO 2 . Intra-specific variations of RMR is a ubiquitous phenomenon amongst most taxa and has been previously linked with organismal fitness (Burton et al. 2011 ). The so-called 'context dependence hypothesis' states that, while individuals with a higher relative RMR might have a fitness advantage under favourable conditions, low RMR is beneficial during adverse environmental conditions (e.g. low food availability) due to lower costs of self-maintenance (Burton et al. 2011) . Although future studies need to confirm this hypothesis in the light of ocean acidification, our results for the highest experimental PCO 2 also suggest a selection for phenotypes with a reduced or more efficient routine metabolism. RMR of high CO 2 -exposed tolerant mussels almost returned to control levels in contrast to a previous study with the same population were respiration rates peaked at this seawater PCO 2 (~2400 µatm) (Thomsen and Melzner 2010) . Unlike the study of Thomsen and Melzner (2010) , we acclimated mussels throughout their complete life cycle and, although tolerant families successfully settled in the high CO 2 treatment, we observed a significantly increased larval mortality at this PCO 2 level (Thomsen et al., submitted) . Similarly, a transgenerational study with the calanoid copepod Pseudocalanus acuspes found that increased metabolic rates at an intermediate PCO 2 had returned to control levels at the highest PCO 2 level . This was associated with increased mortality at the high PCO 2 level and the authors interpreted this as a selection process , potentially for more efficient oxidative phosphorylation (De Wit et al. 2015) .
For the genus Mytilus, intra-individual variations of RMR have been well studied in the context of intra-specific variation of growth rates. Specimens that grew faster had lower standard metabolic rates, partly stemming from an increased efficiency of protein deposition linked to different intensities of protein turnover (Diehl et al. 1986; Hawkins et al. 1986; Bayne and Hawkins 1997; Bayne 2004) . Hawkins et al. (1986) hypothesised that this energy surplus might confer a fitness advantage for faster growers under adverse environmental conditions and, in fact, thermal tolerance of slow growing Mytilus was decreased compared to fast growers (Hawkins et al. 1987) . Increasing growth efficiency could thus be a useful mechanism to counteract potential energy trade-offs under elevated PCO 2 . Indeed, a study on the Sydney Rock oyster Saccostrea glomerata indicates a positive relationship between growth efficiency and CO 2 tolerance; oysters that were mass-selected for growth over seven generations showed a higher CO 2 tolerance compared to the wild population (Parker et al. 2010 (Parker et al. , 2012 . We did not determine individual growth rates in this study and picked same-sized tolerant and sensitive mussels in order to avoid allometric effects. Mussels were of 1 3 the same age and hence had similar growth rates, however, potentially at different energetic costs as indicated by lower RMR of tolerant families at ambient PCO 2 . Furthermore, Thomsen et al. (submitted) show that larvae from tolerant families had larger shell sizes at the highest CO 2 level after 2 days of development. At this larval stage, relative rates of somatic growth and calcification rates are highest, but larvae have to rely on their endogenous energy reserves (Rodriguez et al. 1990; Sánchez-Lazo and Martínez-Pita 2012) . Egg sizes (i.e. proxy for energy content) did not differ between families, which might suggest a higher or more efficient energy allocation to (shell) growth in larvae of tolerant families (Thomsen et al., submitted) .
In bivalves, the mantle is the tissue responsible for the secretion of the shells. At the intermediate PCO 2 , outer mantle respiration was higher in tolerant compared to sensitive families. However, since data were derived from similar-sized mussels, this family-specific difference in outer mantle respiration was not correlated with a differential net calcification. This corresponds to earlier studies on this population which also found no effect on shell length after long-term exposure to a similar PCO 2 level . Apart from affecting calcification rates, elevated PCO 2 can also affect the mechanical properties and ultrastructure of mussel shells (Hüning et al., submitted; Hüning et al. 2013; Fitzer et al. 2014) . Furthermore, a previous study with mussels from Kiel Fjord showed changes in the expression of genes involved in the processing of the organic shell matrix (Hüning et al. 2013 ). This proteinaceous shell matrix is mainly secreted by the outer mantle tissue (Beedham 1958; Hüning et al. 2016 ) and, although making up only a relatively small fraction of the total shell mass, the energetic costs of the synthesis can take up a significant amount of bivalves energy budget (Palmer 1992) . Our data suggest, however, that family type-specific differences in outer mantle respiration were not linked with a differing energy allocation to protein biosynthesis. Relative costs for protein biosynthesis were highly variable between individuals but did not differ between family types or CO 2 levels; although, it should be considered that net protein deposition does also depend on degradation rates. Furthermore, the relatively low fraction of the cycloheximide-sensitive respiration (7-13% of total respiration) might have resulted in a relatively unfavourable signal-to-noise ratio between cycloheximide and its solvent DMSO, thereby contributing to the observed variability. Although matching the results of a previous study with a marine bivalve [Crassostrea virginica, (Cherkasov et al. 2006 )], further experiments should confirm our results; for instance by use of a water-soluble inhibitor, such as emetine (Fenteany and Morse 1993) , to minimise potential DMSO side effects. At the highest PCO 2 level, RMRs of tolerant families were similar to those measured under control conditions, but were associated with decreased clearance rates and thus a decreased food (energy) uptake. This suggests a potentially unfavourable shift in energy demand and energy acquisition. Reduced feeding rates in response to ocean acidification were reported for larvae and adults of several marine invertebrates including Mytilus (Navarro et al. 2013; Vargas et al. 2013 Vargas et al. , 2015 Zhang et al. 2015; Xu et al. 2016 ). This could be related to a reduced catalytic efficiency of digestive enzymes (Stumpp et al. 2013) , which could increase the gut passage time of food particles (Bayne et al. 1984) , thereby reducing filtration in a secondary fashion. As an alternative explanation, the filtration mechanism itself may have been affected. Decreased filtration in tolerant families at the highest PCO 2 went hand in hand with a decreased factorial metabolic scope of gill tissue. In filter-feeding bivalves the gills retain food particles by generating a water flow through movement of lateral cilia that is driven by the ATPase dynein (Gibbons 1982) . Cells that carry the lateral cilia make up only around 15% of the total gill mass, but account for up to 90% of the ATP demand in gills reflected in a tight correlation of ciliary beat frequency and oxygen consumption in isolated gill tissue (Clemmesen and Jørgensen 1987) . The decreased metabolic scope of gill tissue may therefore be mechanistically linked to decreased clearance rates of M. edulis at the highest CO 2 level. The mechanism causing the observed reduction in functional capacities of ciliary activity remains to be explored. Upon acute hypoosmotic exposure ciliary activity in gills of M. edulis was decreased due to reallocation of ATP from ciliary activity towards vital functionsin this case osmoregulatory processes (Doeller et al. 1993 and references therein). Similar trade-offs may exist under elevated CO 2 , when ATP may be reallocated to ion and acid-base regulation. Alternatively, CO 2 -induced disturbances in acid-base equilibria may directly impact ciliary functioning. Acute changes in pH and PCO 2 were shown to decrease ciliary beat frequency in isolated Mytilus gills (Haywood 1925) ; however, tested pH levels (~pH 6.9) were below the range relevant in an ocean acidification context. Furthermore, mitochondrial capacities could become constrained under high CO 2 (Strobel et al. 2012) . Since ciliated cells are densely packed with mitochondria to sufficiently fuel dynein ATPases (Paparo 1972) , decreased mitochondrial capacities would possibly limit maximal ATP supply and thus metabolic scope of gills.
Irrespective of the underlying mechanism, food acquisition may be impaired and may decrease the fitness and productivity of this population under near-future conditions if no physiological adaptation or acclimatisation takes place. Presently blue mussels can thrive in the CO 2 -enriched Kiel Fjord due to high food availability that seems to cover higher energetic demands under elevated CO 2 . The observed intra-population variability of CO 2 -related metabolic responses may suggest some capacity for metabolic adaptation within this population. A high variability of a given environmental driver likely increases the plasticity within populations (Valladares et al. 2014) . Thomsen et al. (submitted) demonstrated that, due to patchy upwelling events the Kiel Fjords' carbonate chemistry can vary substantially between Mytilus larval cohorts from the same year with average mean PCO 2 levels during the planktonic phase ranging from ~800 to 1100 µatm, and peak values up to 2700 µatm. Thus, differing selective patterns during the larval phase are likely explaining the observed genotypic and/or phenotypic plasticity within this population (Thomsen et al., submitted) . Besides selection processes at the larval stages CO 2 exposure of adults and larvae can lead to carryover and epigenetic effects as well as transgenerational plasticity (Ross et al. 2016) . Nearfuture increases of PCO 2 fluctuations and mean PCO 2 level in Kiel Fjord will further increase selection pressure and likely favour CO 2 -resistant larvae. However, such a unidirectional selective force may ultimately result in a reduced genetic variation and thus potentially limited capacity of this population to respond to other environmental drivers (Pistevos et al. 2011; Kelly and Hofmann 2012) . As human-driven environmental change is not limited to ocean acidification, future studies should also address adaptive capacities to elevated CO 2 combined with multiple other environmental drivers.
